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ELECTRONIC DEVICE FOR ENCODING
EVENT INDICATED BY
SPATIAL-TEMPORAL INPUT SIGNALS AND
OPERATING METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This U.S. non-provisional patent application claims pri-
ority under 35 U.S.C. § 119 to Korean Patent Application
No. 10-2019-0031484, filed on Mar. 19, 2019, 1n Korean
Intellectual Property Oflice, the entire contents of which are
incorporated herein by reference.

BACKGROUND

Embodiments relate to an electronic device for encoding
an event idicated by spatial-temporal mnput signals and a
method of operating the same.

A neuron constructing a neural network may receive
signals {from neighboring neurons. The neuron may fire
when a magnitude of an accumulative signal by the received
signals exceeds a certain level, and may transmit a new spike
signal to other neurons.

Method for modeling a spike signal that 1s output from the
neuron, may be largely divided into a method of modeling
a precise formation process and a shape for the spike signal,
using an electrical circuit, and a method of encoding an array
of spike signals obtained by simplitying whether the spike
signal 1s generated to logic values (e.g., 0 or 1) of one signal.
In the latter case, the array of the spike signals may include
both 1information related to spaces of neurons generating the
spike signals and information related to time indicating
whether the spike signals 1s generated in the neurons. It 1s
necessary to correctly encode the spike signals with spatial-
temporal information.

SUMMARY

The 1nventive concept are to solve the above technical
problem, and embodiments of the inventive concept provide
an electronic device capable of encoding an event indicated
by spatial-temporal mput signals and a method of operating
the same

An electronic device according to an embodiment of the
iventive concept may include first to n-th cells (‘n’ 1s an
integer ol 2 or more) that receive spatial-temporal 1nput
signals that indicate an event unit 1n a time window, a
summation circuit that sums first to n-th cell signals
recorded in the first to n-th cells for each of first to m-th unit
times (‘m’ 1s an teger of 2 or more) dividing the time
window to generate first to m-th summation signals, and an
encoding circuit that compares each of the first to m-th
summation signals with a threshold value to encode the
spatial-temporal imput signals into a code of the event unit.

A method of operating an electronic device that encodes
an event object indicated by spatial-temporal 1nput signals
according to another embodiment of the mmventive concept
may include dividing the event object into first to k-th event
units based on {first to k-th time windows (‘k’ 1s an integer
of 2 or more), generating first to m-th summation signals of
cach of the first to k-th event units by summing first to n-th
cell signals recorded in first to n-th cells (‘n’ 1s an integer of
2 or more) that receive the spatial-temporal input signals for
cach of first to m-th unit times (‘m’ 1s an integer of 2 or
more) dividing each of the first to k-th time windows,
encoding the spatial-temporal 1nput signals into first to k-th
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2

codes of the first to k-th event units by comparing each of the
first to m-th summation signals with a threshold value, and
storing the first to k-th codes in a memory cell array.

BRIEF DESCRIPTION OF THE FIGURES

Features will become apparent to those of skill 1n the art
by describing 1n detail exemplary embodiments with refer-
ence to the attached drawings 1n which:

FIG. 1 illustrates a neural network including neurons.

FIGS. 2A to 2D illustrate describing methods for encod-
ing spike signals fired 1n neurons in a time window accord-
ing to an embodiment of the mventive concept.

FIG. 3 illustrates spike signals fired from ‘n’ neurons 1n a
time window.

FIG. 4 1illustrates a flowchart describing a method of
operating an electronic device according to an embodiment
of the mventive concept.

FIG. 3 1llustrates an electronic device of FIG. 4 and a
three-dimensional memory for encoding and storing an
cvent object.

FIGS. 6A and 6B illustrate describing an operation of
encoding an event object by an electronic device of FIG. 5.

FIGS. 7A to 7C illustrate describing reliability about an
error of a cell in an electronic device according to an
embodiment of the inventive concept.

FIGS. 8A to 8C illustrate describing reliability about an
error of a cell in an electronic device according to an
embodiment of the inventive concept.

FIGS. 9A and 9B 1illustrate describing examples 1n which
an electronic device according to an embodiment of the
inventive concept may restore a code.

FIG. 10 illustrates describing an operation of hierarchi-
cally encoding consecutive event objects by an electronic
device according to an embodiment of the mventive con-
cept.

DETAILED DESCRIPTION

Embodiments of the imnventive concept will be described
below clearly and 1n detail such that those skilled in the art
may easily practice the mventive concept.

FIG. 1 1s a diagram 1llustrating a neural network including,
neurons. Referring to FIG. 1, a neural network may be
formed by connecting a plurality of neurons to each other. A
neuron may transfer information to another neuron 1n a form
of electrical signal. The neuron may include a cell body, a
dendrite, and an axon. The dendrite may receive an electrical
or chemical signal from another neuron. The axon may has
an elongated shape from the cell body, reach nerve endings,
and may be used to transfer a neural signal of the neuron. A
synapse may have a structure in which the neural signal 1s
transferred from a pre-synaptic terminal to an adjacent
neuron through a synaptic cleft having several tens of nm
and a post-synaptic dendrite. Neural signals that are trans-
mitted through dendrites formed 1n various directions may
be gathered 1n the cell body of the adjacent neuron. When
the neural signals gathered in the cell body form a potential
ol a certain magnitude or more, a new spike signal may be
output or fired from an initial segment of the axon. The new
spike signal may be transmitted to the nerve endings through
the axon. An electronic device according to an embodiment

ol the inventive concept relates to the neural network of FIG.
1 or an artificial neural network that simulates the neural

network, and the electronic device may directly communi-
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cate with the neural network or may also communicate with
other devices that receive and process the neural signals 1n
the neural network.

FIGS. 2A to 2D are diagrams describing methods for
encoding spike signals fired 1n neurons 1n a time window
according to an embodiment of the mventive concept. A
spike signal of the neuron may be simply encoded 1nto a first
logic value and a second logic value similarly to a bit
depending on whether the neuron 1s fired. For example, the
first logic value may be ‘0’ and the second logic value may
be “1°, but the first logic value may be °1” and the second
logic value may be ‘0’. The first logic value may indicate an
equilibrium state of the neuron in which the neuron 1s not
fired, and the second logic value may indicate that the
neuron 1s fired. The spike signal may indicate the neural
signal output from the neuron and may include a plurality of
pulses that correspond to firing time points of the neuron,
respectively. The spike signal may also be referred to as a
pulse signal.

FIG. 2A illustrates a case of encoding a rate (R) or the
number of times that neurons A, B, C, D, and E are fired 1n
a time window. The spike signal may include both spatial
(location) information indicating which neuron among the
neurons A, B, C, D, and E 1s fired and temporal information
indicating a firing time point (where a pulse 1s located).
Referring to FIG. 2A, the rate of the neuron A 1s 13, the rate
of the neuron B 1s 8, the rate of the neuron C i1s &, the rate
of the neuron D 1s 6, and the rate of the neuron E 1s 6. Pulse
arrays of the neurons B and C are different from each other
and the temporal information are diflerent from each other,
but rates of the neurons B and C are equal to each other as
8. The pulse arrays of the neurons D and E are different from
cach other and the temporal information are different from
cach other, but the rates of the neurons D and E are equal to
cach other as 6.

FIG. 2B illustrates a case of encoding the rate or the
number of times that the neurons A, B, C, D, and E are fired
in itervals (periods, T,, T,, T, T4, and T.) synchronized
with a gamma wave synchronization signal, based on a
signal (e.g., the gamma wave synchronization signal) having
a uniform period. The pulse arrays of the neurons A, B, E 1n
the interval T, are different from each other, but the rates of
the neurons A, B, E in the mterval T, are equal to each other
as 2. The pulse arrays of the neurons A, B, C, D 1n the
interval T are different from each other, but the rates of the
neurons A, B, C, D in the interval T, are equal to each other
as 1. In addition, referring to FIG. 2B, the rate of all the
neurons A, B, C, D, and E 1n the mterval T, 1s 13, the rate
of all the neurons A, B, C, D, and E 1n the interval T, 1s 8,
the rate of all the neurons A, B, C, D, and E in the interval
T, 1s 8, the rate of all the neurons A, B, C, D, and E 1n the
interval T, 1s 6, the rate of all the neurons A, B, C, D, and
E 1n the mterval T; 1s 6, and the rate of all the neurons A, B,
C, D, and E 1n the interval T, 1s 6. The pulse arrays in the
intervals T, and T; are different from each other, but the rates
of the intervals T, and T, are equal to each other as 8. The
pulse arrays in the intervals T,, T and T are different from
cach other but the frequencies of the mtervals T, T and T
are equal to each other as 6.

FIGS. 2C and 2D illustrate a case of encoding relative
delay times of the spike signals of the neurons, based on the
carliest or fastest firing pulse 1n the time window. A refer-
ence pulse of FIG. 2C 1s a pulse of the neuron A at a time
point T, and a reference pulse of FIG. 2D 1s a pulse of the
neuron B at the time point T,. As the pulse of the neuron A
at the time point T, 1 FIG. 2C shifts to a time point T of
FIG. 2D, a code that represent a bundle of the rates at which
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neurons A, B, C, D, and E are fired may be changed from
[15,8,8,6,6]to[7,15,15,12, 12]. Avalue of the code may
change as the reference pulse changes. In FIGS. 2A to 2D
and description thereof, the number of the neurons, the
length of the time window, the array of the spike signals, the
rate or the number of times that the neurons are fired, the
length of the interval, the locations of the time points, the
value of the code, etc. as described above are not limited to
the above examples.

FIG. 3 1s a diagram 1llustrating spike signals fired from ‘n’
neurons 1n a time window. The ‘n’ 1s a natural number of 2
or more. A first axis (horizontal axis) may represent a time,
and the second axis (vertical axis) may represent a space.
The first axis and the second axis may be orthogonal to each
other. The array (or pattern) of the spike signals 1n a
two-dimensional space composed of the first axis and the
second axis may indicate an event. The array of the spike
signals may 1ndicate both the temporal information about the
time points at which the spike signals are generated and the
spatial information of the neurons generating the spike
signals. The array of the spike signals may also be referred
to as an array ol pulse signals, a pulse train array, etc.

FIG. 4 1s a flowchart describing a method of operating an
clectronic device according to an embodiment of the inven-
tive concept. The electronic device may encode the event
indicated by the array of the spike signals 1n consideration
ol both the temporal information and the spatial information
that are included 1n the array of the spike signals.

In operation S110, the electronic device may perform
initial setting for the event object. The electronic device may
include a memory that stores a result of the nitial setting.
The event described above 1n FIG. 3 may also be referred to
as an event object. The electronic device may uniformly
divide the event object 1nto a plurality of event units, using
the time window that has a predetermined length. The
clectronic device may umiformly divide each of the plurality
of event units, using a default unit time. The electronic
device may perform 1nitial setting before performing the
above-described division operations. Contents of the initial
setting are as follows.

Event Object—E ,

Event Unit—E,,

Elapsed Time of Event Object—T_E ,

Elapsed Time of Event Unit—T_E,,

Time Window—T;,

Occurrence time of Event Unit—=T .,

Default Unit Time—T,,

The Number of Event Umt assignments per Event
Object—=k=T_E ,/T_E,,

The Number of Cell Signal assignments per Event

Unit—m=1T_E,/T,;

The electronic device may set an elapsed time of event
object T_E ,, an elapsed time of event unit T_E,,, and a time
window T, to divide the event object E |, into a plurality of
event units E, .. For example, the elapsed time of event unit
T_E,,and the time window T ;;, may be the same (T_E, =T,
cach other, but the scope of the inventive concept 1s not
limited thereto. When the elapsed time of event object T_E
and the elapsed time of event unit T_E,; are set, the number
of event units assigned to one event object may be deter-
mined (k=T_E /T_E,). The ‘’k’ may be an integer of 2 or
more. The electronic device may uniformly divide the event
object E , into a plurality of event units E,, using the time
window T, and process the event object E , 1n units of the
time window T;. The electronic device may set an occur-
rence time (or the time point; T.,,) of each event unit. For
example, when the event object 1s divided 1nto first to third
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event units (k=3), the occurrence times of the first to third
event units may be T.,,, T, -, and T, .

The electronic device may process one event unit E,,
based on the default umt time (T, hereinafter referred to as
unit time). The electronic device may set the unit time T,
that 1s less than the time window T ;.. When the unit time T,
1s set, the number of cell signals assigned to one event object
may be determined (m=1_E,/T,,). The ‘m” may be an
integer of 2 or more. The cell signal may be stored 1n a cell
included 1n the electronic device and may have one of the
first and second logic values that indicate whether the
neuron 1s fired. For example, the cell may be a memory cell
that stores one of the first and second logic values.

The electronic device may receive one or more event
objects E ,. For example, the electronic device may perform
operation S110 only once for all the event objects E ,. The
result of the 1mitial setting of operation S110 may be com-
mon to the event objects E,. For another example, the
clectronic device may repeatedly perform operation S110 for
cach event object E ,. Results of the initial setting for the
event objects E , may difler from one another.

In operation S120, the electronic device may receive
spatial-temporal input signals that indicate the event object
E ,. The spatial-temporal imnput signals may indicate signals
in which the spike signals are encoded with the first and
second logic values, based on whether the neurons of the
neural network are fired. For example, the electronic device
may directly receive the spatial-temporal input signals. As
another example, the electronic device may receive the spike
signals of the neural network and convert the recerved spike
signals 1nto the spatial-temporal mnput signals.

In operation S130, the electronic device may configure
the event object E , as a set of event units E,,. Based on the
initial setting of the operatlon S110, the event object E , may
include k event unmits E,,,, E,.., . . ., E, .. The electronic
device may divide the event object E , mto the k event units
E,.., En, ..., E;. based on k time windows. Operation
S110 to operation S130 may correspond to pre-processing of
the spatial-temporal input signals by the electronic device.

In operation S140, the electronic device may select the
event unit E, . For example the electromc device may select
the k event unlts E. s Ermy oo s B Conﬁgured 1n operation
S130 1n order, but a selection order 1s not limited to the
above. Thereafter, the electronic device may perform encod-
ing on the selected event unit E,.

In operation S150, the electronic device may sum the cell
signals of cells for each unit time T, of the event unit E,,
selected 1n operation S140. The number of unit times T,;
assigned per the elapsed time of event unmit T_E,, may be
‘m’. When the number of cells 1s ‘n’, a summation signal
may be S__=>"= 8. The ‘n” may be an integer of 2 or
more.

In operation S160, the electronic device may encode the
summation signals S_  based on a threshold value S ;. The
clectronic device may perform encoding based on all-or-
none law method comparing the summation signals S_
with the threshold value S,,. When the summation signal
S_ 1s equal to or greater (or above) than the threshold value
S, , the electronic device may encode the summation signal
S_ _ 1nto the second logic value. When the summation signal
S_ 1s less (or less than or equal) than the threshold value
S, , the electronic device may encode the summation signal
S_ _1nto the first logic value. The electronic device may set
the threshold value S,;, used 1n operation S160 in operation
S110. The threshold value S,, may be vanably set or fixed
depending on the event object E ,, the event unit E,, and the
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In operation S170, the electronic device may store the
code of the event unit E,, selected 1n operation S140. The
code may be a result of the encoding completed 1n operation
S160. The event unit E,, 1s a segmentation of the event object
E, and, like the event object E _,, may include both the
temporal information about the time points at which the
spike signals are generated and the spatial information of the
neurons generating the spike signals. For example, the event
unit E,, may have the spatlal -temporal information of nxm.
As described above, the ‘n” may represent the number of

L

cells and the ‘m’ may represent the number of unit times T,
assigned per the elapsed time of event unit T_E,. The
clectronic device may encode the event unit E,, having the
spatial-temporal information of nxm into the code of 1xm.
The electronic device may include a memory for storing the
code.

In operation S180, the electronic device may determine
whether all event units are encoded. When all event units are
not encoded (no), the electronic device may repeatedly
perform operations S140 to S180. When all event units are
encoded (Yes), the electronic device may complete the
encoding of the event object E , and may receive a new event
object E ,. The operations S140 to S180 may correspond to
encoding the event object E , and storing the event objectE
by the electronic device.

In an embodiment, an electronic device 100 may be
implemented in a hardware manner. The electronic device
100 may be a computing device, a computer, a processor, an
integrated circuit, an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), a system
on chip (SoC), etc., performing operations S110 to S180.
According to another embodiment of the inventive concept,
the electronic device 100 may include a non-transitory
computer readable medium in which program code 1n which
instructions for performing or executing operations S110 to
S180 are recorded 1s stored, and may also include a proces-
sor that loads and executes the program code stored on the
non-transitory computer readable medium.

FIG. 5 1s a block diagram 1illustrating an electronic device
of FIG. 4 and a three-dimensional memory for encoding and
storing the event object. Referring to FIG. 5, a first axis may
represent a space, a second axis may represent a time, and
a third axis may represent the event unit E,, in which the
event object E , 1s divided. For example, the first to third
axes may be orthogonal to one another.

The electronic device 100 may include a sensor 110, a
conversion circuit 120, and first to n-th cells 130. The sensor
110 may receirve and sense the array of the spike signals
from an external object (e.g., a neural network, an object, a
person, etc.). The conversion circuit 120 may convert the
spike signals sensed by the sensor 110 into the spatial-
temporal mnput signals. For example, the conversion circuit
120 may include one or more analog-to-digital converters
(ADCs). The conversion circuit 120 may transmit or provide
the spatial-temporal input signals to the first to n-th cells. For
example, the conversion circuit 120 may assign the spatial-
temporal input signals to the first to n-th cells, respectively.

Unlike the 1llustration of FIG. 5, the electronic device 100
may directly recerve the spatial-temporal input signals from
an external object. In this case, the electronic device 100
may 1include a receiving circuit that receirves the spatial-
temporal mput signals instead of the sensor 110 and the
conversion circuit 120. The receiving circuit may assign the
received spatial-temporal input signals to the first to n-th
cells, respectively. For example, each of the spatial-temporal
input signals may be a digital signal including a digital bat.
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The first to n-th cells 130 may be arranged in a line along
the first axis. The first to n-th cells 130 may be referred to
as a memory cell array. Each of the first to n-th cells may
represent relative spatial information or correlated spatial
information instead of absolute spatial information. Each of
the first to n-th cells 130 may store a spatial-temporal input
signal. For example, when the spatial-temporal input signal
1s stored 1n each of the first to n-th cells 130, the cell signal
stored 1n each of the first to n-th cells 130 may have any one
of the first and second logic values. For example, each of the
first to n-th cells 130 may be a memory cell capable of
storing a bit. The memory cell may be a static random access
memory (SRAM) cells, a dynamic random access memory
(DRAM) cell, a NAND flash memory cell, a NOR flash
memory cell, a resistive random access memory (RRAM)
cell, a ferroelectric random access memory (FRAM) cell, a
phase change random Access Memory (PRAM) cell, a
Magnetic Random Access Memory (MRAM) cell, etc.

The electronic device 100 may further include a memory
cell array 140 that stores the event object E |, received from
the external object. The memory cell array 140 may include
memory cells arranged along the first to third axes and may
have a three-dimensional structure. The memory cells of the
memory cell array 140 may be implemented using any one
of the various memory cells described above. The size of the
memory cell array 140 may be nxmxk. The memory cell
array 140 may include two-dimensional memory cell arrays
arranged along the third axis. The two-dimensional memory
cell arrays may store the event units E,, dividing the event
object E ,. The two-dimensional memory cell arrays may be
stacked along the third axis. The size of each of the two-
dimensional memory cell arrays may be nxm, which 1s the

N

size of the spatial-temporal information of the event unitE, ..

Each of the two-dimensional memory cell arrays may
include memory cells arranged along the first axis and the
second axis. Referring to FIG. 5, the event object E , may be
divided 111t0 the k event units E, (E, {Em: E, -,
Eoas -« s B+« o5 Bt T_E, =2, *Tri=kxT, . The
time window T, may be divided into m unmit times
L (Ty=2,_,"T;). The first to n-th cells 130 may store the
spatial-temporal input signals at the unit time T,,, of the
event unit E,,,. Next, the memory cells of the memory cell
array 140 that 1s indicated by spatial addresses C, to C,
indicating the location of the array of the first to n-th cells
130, a temporal address indicating the unit time T ,,,, and an
address indicating the event umt E,,,, may store the cell
signals (1.e., logic values) stored in the first to n-th cells 130.
The spatial addresses C,; to C_ may represent the spatial
information of the spatial-temporal input signals, and m unit
times 1, may represent the temporal information of the
spatial-temporal input signals.

The first to n-th cells 130 may store the spatial-temporal
input signals at the umt time T,, of the event unit E,,
instead of the spatial-temporal mput signals at the unit time
T, of the event umit E,,,. Next, the memory cells of the
memory cell array 140 that 1s indicated by the spatial
addresses C, to C, indicating the location of the array of the
first to n-th cells 130, the temporal address 1nd1cat1ng the
unit time T, ,,, and the address indicating the event unit E,,,
may store the cell signals (1.e., logic values) stored 1n the first
to n-th cells 130. The electronic device 100 may divide the
event object E , into event units E,, and unit times T,,. The
memory cell array 140 may store the event object : 4. The
logic values stored in the memory cell array 140 are not
limited to those illustrated in FIG. 5.

For example, the memory cell array 140 may be imple-

mented physically or 1n hardware within the electronic
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device 100 separately from the first to n-th cells 130. The
memory cell array 140 may store the event object E ,. The
first to n-th cells 130 may store the spatial-temporal 1mnput
signals corresponding to one unit time T, ,among the spatial-
temporal mput signals representing one event unit E,,. The
first to n-th cells 130 may operate as a buller memory for the
memory cell array 140. As another example, the memory
cell array 140 may be a virtual memory representing all of
the spatial-temporal input signals that are stored and updated
in the first to n-th cells 130.

FIGS. 6 A and 6B are diagrams describing an operation of
encoding an event object by an electronic device of FIG. 5.
FIGS. 6A and 6B will be described with reference to FIGS.
4 and 5.

The first to n-th cells 130 of the electronic device 100 may
receive and store the spatial-temporal input signals 1ndicat-
ing the event unit E,, 1n the time window T,,. The time
window T, may be divided into first to m-th unit times T, ,,
to T, . Referring to FIG. 6 A, m1s 10 and n 1s 20. First level
temporal addresses are T,,, to T,,,, and the spatial addresses
are C, to C,,. The two-dimensional 20x10 memory cell
array of the memory cell array 140 may sequentially receive
and store the cell signals (logic values) corresponding to
cach of first to ten-th unit times T, to T, Irom the first to
twentieth cells 130. The two-dimensional 20x10 memory
cell array of the memory cell array 140 may store one event
unit ;U The values of m and n described above are all
merely exemplary.

The electronic device 100 may further include a summa-
tion circuit 150 and an encoding circuit 160. The summation
circuit 150 may sum first to twentieth cell signals recorded
in the first to twentieth cells 130 for each of the first to ten-th
unit times T,,, to T,, to generate first to ten-th summation
signals (refer to operation S1350). More specifically, the
summation circuit 150 may include an adder for summing
the logic values stored 1n memory cells, which are indicated
by the spatial addresses C, to C,, and the temporal address
T,,, 1n the memory cell array 140. The logic values stored 1n
the memory cells, which are indicated by the spatial
addresses C, to C,, and the temporal address T,,, may be the
same as the first to twentieth cell signals recorded 1n the first
to twentieth cells 130. Likewise, the summation circuit 150
may further include another adder for summing the logic
values stored in the memory cells, which are indicated by the
spatial addresses C, to C,, and the temporal address T, 1n
the memory cell array 140. The summation circuit 150 may
include m adders that sum n logic values.

The encoding circuit 160 may include a filter circuit 161
for storing the threshold value S, and a register circuit 162
for storing the result of encoding. The filter circuit 161 may
include a register for storing the threshold value S,, and ‘m’
comparators for comparing the summation signal with the
threshold value S, (refer to operation S160). The register
circuit 162 may include ‘m’ registers for receiving and
storing ‘m’ comparison results of the filter circuit 161,
respectively (refer to operation S170).

Retferring to FIG. 6A, a first summation signal for the
logic values stored 1n the memory cells, which are indicated
by the spatial addresses C, to C,, and the temporal address
T,, 1s 5. The filter circuit 161 may compare the {irst
summation signal with the threshold value S, (5,,=4) and
output a comparison result. The comparison result may be
the result of the encoding. Since the first summation signal
1s 5 and the threshold value S, 1s 4, the encoding circuit 160
may encode the spatial-temporal input signals correspond-
ing to the unit time T,,, among the spatial-temporal 1mnput
signals representing the event unit E , as the second logic
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value. The register of the register circuit 162 may store the
second logic value as the result of encoding on the unit time
T,.

Referring to FIG. 6A, the seven-th summation signal for
the logic values stored in the memory cells, which are
indicated by the spatial addresses C, to C,, and the temporal
address T, 1s 2, and the filter circuit 161 may compare the
seven-th summation signal with the threshold value S,
(S,,=4) and output a comparison result. Since the seven-th
summation signal 1s 2 and the threshold value S, 1s 4, the
encoding circuit 160 may encode the spatial-temporal input
signals corresponding to the unit time T, among the spa-
tial-temporal input signals representing the event unit E , as
the first logic value. The register of the register circuit 162
may store the first logic value as the result of encoding on
the unit time T,,. The encoding circuit 160 may similarly
perform encoding operations for other unit times T, ., to T,
and T, to T, 5, as described above. The result of encoding
stored 1n the register circuit 162, that 1s, the code may have
a size of 1xm. Referring to FIG. 6A, the event unit E,,, of
20x10 may be simply encoded as a code of 1x10 ({1, 1, 1,
1, 1, 1, 0, 1, 1, 0}). The summation circuit 150 and the
encoding circuit 160 may repeatedly perform encoding
operations on the other event units E,,, to E,, 1n the same
manner as the above-described the event unit E,,,. The event
units E,,, to E,, may configure one event object E .

Referring to FIG. 6B, the electronic device 100 may
turther include a memory cell array 170 for storing a code,
as a result of encoding on the event unit E,,. The memory
cell array 170 may be implemented physically or in hard-
ware within the electronic device 100 separately from the
first to n-th cells 130 and the memory cell array 140. The
s1ize of the memory cell array 170 may be kxm and may
include mxk memory cells arranged 1n two dimensions. The
‘k” may be the number of event units E,,per one event object
E , as described above. Referring to FIG. 6B, m 1s 10 and k
1s 10, second level temporal addresses are T,,, to T, and
event unit addresses are E,,, to EU,,.

Referring to FIG. 6B, the memory cells that are indicated
by the temporal addresses T,,, to T,,, and the event unit
address E,,, among the memory cells of the memory cell
array 170 may store the code of the event unit E,,, under a
control of the encoding circuit 160. The memory cells that
are 1indicated by the temporal addresses T,,, to T, and the
event unit address E,,, among the memory cells of the
memory cell array 170 may store the code of the event unit
E, ., based on the control of the encoding circuit 160. In a
similar manner, the code of the event unit E,, may be stored
in the memory cell array 170, based on the control of the
encoding circuit 160. First to ten-th codes of the ten event
units E,,, to EU,, configuring one event object E , may be
stored 1n the 10x10 memory cell array 170. Codes of the
event units E,, in which one event object E , 1s divided may
be referred to as a code book.

The electronic device 100 may further include a summa-
tion circuit 180 and an encoding circuit 190. The summation
circuit 180 may sum the first to ten-th codes for each of the
first to ten-th unit times T, to T,,, to generate the first to
ten-th summation signals of the event object E ,. In more
detail, the summation circuit 180 may include an adder for
summing the logic values stored in memory cells, which are
indicated by the event unit addresses E,,, to E,,, and the
temporal address T,,, 1n the memory cell array 170. The
summation circuit 180 may include an adder for summing
the logic values stored 1n memory cells, which are indicated
by the event unmit addresses E,,, to E,,, and the temporal
address T, 1n the memory cell array 170. The summation
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circuit 180 may include ‘m’ adders that sum up ‘k’ logic
values. For example, the summation circuit 180 may be
implemented separately from the summation circuit 150 of
FIG. 6 A. For another example, the summation circuit 180
may be integrated into the summation circuit 150 of FIG. 6 A

and components of the summation circuit 180 may be
included in the summation circuit 150 of FIG. 6A.

The encoding circuit 190 may include a filter circuit 191
tfor storing the threshold value S, and a register circuit 192
for storing the result of encoding. The filter circuit 191 may
include a register for storing the threshold value S,, and ‘m’
comparators for comparing the summation signal with the
threshold value S ;. The register circuit 192 may include ‘m’
registers for receiving and storing ‘m’ comparison results of
the filter circuit 191, respectively. For example, the encoding
circuit 190 may be implemented separately from the encod-
ing circuit 160 of FIG. 6 A. As another example, the encod-
ing circuit 190 may be integrated into the encoding circuit
160 of FIG. 6A, and components of the encoding circuit 190
may be included in the encoding circuit 160 of FIG. 6A.

Referring to FIG. 6B, the first summation signal for the
logic values stored 1n the memory cells, which are indicated
by the event unit addresses E,,, to E,, , and the temporal
address T, 1s 4. The filter circuit 191 may compare the first
summation signal with the threshold value S, (S,,=5) and
output a comparison result. Since the first summation signal
1s 4 and the threshold value S, 1s 5, the encoding circuit 190
may encode the logic values corresponding to the unit time
T,,, among the logic values representing the event object E
as the first logic value. The register of the register circuit 192
may store the first logic value as a result of encoding on the
unmit time T,,,.

Referring to FIG. 6B, a third summation signal for the
logic values stored 1n the memory cells, which are indicated
by the event unit addresses E,,, to E,, , and the temporal
address T, 5 1s 6. The filter circuit 191 may compare the third
sum signal with the threshold value S, (S_,=5) and output a
comparison result. Since the third summation signal 1s 6 and
the threshold value S, 1s 3, the encoding circuit 190 may
encode the logic values corresponding to the unit time T, ,
among the logic values representing the event object E | as
the second logic value. The register of the register circuit
192 may store the second logic value as a result of encoding
on the unit time T,,. The encoding circuit 190 may also
perform the encoding operation for the other unit times T,
and T, to T, ,, stmilarly to the above-described encoding
operation.

The result of encoding stored in the register
circuit 192, that 1s, the final code may have a size of 1xm.
Referring to FIGS. 5, 6A, and 6B, the event object E , of
20x10x10 (=nxmxk) may be simply encoded as the final
code of 1x10 ({0, 0, 1, 1, 0, 0, 0, 1, 1, O}). The final code
of the event object E , may configure a code library along
with other final codes of other event objects. The electronic
device 100 may output the logic values stored 1n the first to
n-th cells 130 and the memory cell arrays 140 and 170 to an
outside.

FIGS. 7A to 7C are diagrams describing reliability about
an error ol a cell 1n an electronic device according to an
embodiment of the inventive concept. FIGS. 7A to 7C will
be described with reference to FIGS. 5, 6 A, and 6B. Each of
FIGS. 7A to 7C illustrates the memory cell array 140, the
summation circuit 150, and the register circuit 162 of the
encoding circuit 160, in the electronic device 100 1n which
the spatial-temporal mput signals (logic values) representing,
the event unit E,,, are stored. Referring to FIGS. 7A to 7C,
the register circuit 162 exemplarily illustrates the codes of
the event unit E,,, depending on the threshold values S,
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(S,,=4, 5 and 6). The code of the event unit E,,, may be
different depending on the thresholds values S, (S,,=4, 5
and 6). In FIGS. 7TA to 7C, other components of the
electronic device 100 are omuitted.

FI1G. 7 A 1llustrates the memory cell array 140 1n which no
error occurred. Logic values stored 1n the memory cell array
140 of FIG. 7A are the same as the logic values stored in the
memory cell array 140 of FIG. 6 A. FIG. 7B 1llustrates a case
where an error occurs 1n the seven-th cell C, among the first
to twentieth cells 130, or a case where an error occurs 1n
memory cells indicated by the spatial address C, among the
memory cells of the memory cell array 140. FIG. 7C
illustrates a case where an error occurs 1n the thirteen-th cell
C,, of the first to twentieth cells 130, or a case where an
error occurs 1 the memory cells indicated by the spatial
address C,, among the memory cells of the memory cell
array 140.

Referring to FIG. 7B, due to an error, an error rate of the
first to ten-th summation signals generated by the summa-
tion circuit 150 may be 20%. Error rates of the codes of the
event unit E,,, stored 1n the register circuit 162 may be 10%,
10%, and 0%, respectively, based on the threshold values S,
(S,,=4, 5, 6). The error rate generated 1n the summation
circuit 150 may be reduced by the encoding circuit 160.
Reterring to FIG. 7C, due to an error, an error rate of the first
to ten-th summation signals generated by the summation
circuit 150 may be 50%. Error rates of the codes of the event
unit E,,, stored 1n the register circuit 162 may be 10%, 20%,
and 20%, respectively, based on the threshold values S,
(S,,=4, 5, 6). The error rate generated 1n the summation
circuit 150 may be reduced by the encoding circuit 160.

FIGS. 8A to 8C are diagrams describing reliability about
an error of a cell 1n an electronic device according to an
embodiment of the inventive concept. FIGS. 8A to 8C will
be described with reference to FIGS. 5, 6A, and 6B. Each of
FIGS. 8A to 8C illustrates the memory cell array 140, the
summation circuit 150, and the encoding circuit 160 1includ-
ing the filter circuit 161 and the register circuit 162, 1n the
clectronic device 100 1 which the spatial-temporal 1nput
signals (logic values) representing the event unit E,,, are
stored. In FIGS. 8A to 8C, other components of the elec-
tronic device 100 are omitted.

FIG. 8 A illustrates the memory cell array 140 1n which an
error 1s not occurred. Logic values stored 1n the memory cell
array 140 of FIG. 8A are the same as the logic values stored
in the memory cell array 140 of FIG. 6 A. FIG. 8B illustrates
a case 1 which the logic values stored in the memory cells
indicated by the spatial address C, and the logic values
stored 1n the memory cells indicated by the spatial address
C; are interchanged with each other, and the logic values
stored 1n the memory cells indicated by the spatial address
C- and the logic values stored in the memory cells indicated
by the spatial address C, ; are interchanged with each other
(refer to shaded memory cells). FIG. 8C 1illustrates a case
where logic values stored in the memory cells indicated by
the spatial addresses C, to C, and the temporal address T ,,,,
logic values stored 1n the memory cells indicated by the
spatial addresses C, to C,, and the temporal address T,
and logic values stored in the memory cells indicated by the
spatial addresses C, , to C,; and the temporal addresses T, -
to T,,, are changed (refer to shaded memory cells).

As 1n the cases of FIGS. 8B and 8C, although the logic
values of some memory cells are changed, inverted, or
tlipped, the register circuits 162 of the encoding circuits 160
of FIGS. 8A to 8C may store the same code ({1, 1, 1, 1, 1,
1,0, 1, 1, O}) of the event unit E, . Since the codes stored
in the register circuits 162 are the same, the electronic device

10

15

20

25

30

35

40

45

50

55

60

65

12

100 may regard the event units E,,, of FIGS. 8A to 8C as
being identical to one another, based on the same code.
When the electronic device 100 determines whether any two
event units are the same with each other, the electronic
device 100 does not determine whether the logic values
stored 1n the memory cell array 140 representing the two
event units are the same to each other. The electronic device
100 may determine whether the code values of two event
units are the same to each other. Although some of the logic
values stored 1n the memory cell array 140 representing the
two event units do not coincide with each other, when the
code values of the two event units are the same, the
clectronic device 100 may determine that the two event units
coincide with each other. The above-described determina-
tion operation of the electronic device 100 may correspond
to a fact that neurons in the neural network do not neces-
sarily fire the same pattern 1n the same neuron for the same
event.

FIGS. 9A and 9B are diagrams describing examples 1n
which an electronic device according to an embodiment of
the inventive concept may restore a code. In FIGS. 9A and
9B, 1t 1s assumed that encoding of the event object E , 1s
completed and the codes of the event unmits E,, to E,,
configuring the event object E , are stored 1n the memory cell
array 170 of the electronic device 100, as described above
with reference to FIGS. 6A and 6B. Logic values stored in
the memory cell array 170 are the same as the logic values
stored 1n the memory cell array 170 of FIG. 6B.

The electronic device 100 may complete encoding of the
event object E , and then further receive the spatial-temporal
input signals indicating a new event object E ,. The elec-
tronic device 100 may update and store the code of the event
unit E,,, of the new event object E , in the memory cells
indicated by the event unit address E,,, among the memory
cells of the memory cell array 170. In an embodiment, 1n
FIGS. 9A and 9B, the electronic device 100 may not
immediately store the code of the event unit E,,, of the new
event object E , in the memory cell array 170 to restore the
code.

The summation circuit 150 and the encoding circuit 160
of the electronic device 100 may process the spatial-tempo-
ral input signals representing the event unit E,,, of the new
event object E , 1n the manner described above with refer-
ence to FIG. 6A to generate a code of the event unit E,,, of
the new event object E ,. The number of event units E,,, to
E, . of the previous event object E , may be k, and the event
unit E,,, of the new event object E , will correspond to the
k+1-th.

Referring to 9A and 9B, the encoding circuit 160 of the
clectronic device 100 may compare the code of the event
unmit E,,, of the new event object E , with each of the codes
of the event units E,,, to E,,,, configuring the previous event
object E , 1n which encoding i1s completed. Referring to FIG.
9A, the code of the event unit E,,, is {1, 1,1, 1, 1, 1, 0, 1,
1, 0}, and this may match the code of the event unit E,,, of
the previous event object E . Referring to FIG. 9B, the code
of the event unit E,,, is {1,0, 1, 1, 1,1, 0, 1, 1, 1}, and this
1s similar to the code of the event unmit E,,, of the previous
event object E , but may not match. The error rate of the code
of the event unit E,,;, may be 20%.

The encoding circuit 160 may calculate differences (1.e.,
hamming distances) between the code of the event unit E,
of the new event object E , and the codes of the event units
E,, to E,,, configuring the previous event object E , 1n
which encoding i1s completed. The electronic device 100
may further include a memory cell array or registers that
store the hamming distances, respectively. The electronic
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device 100 may compare the hamming distances with a
radius and select codes of event units having hamming
distances equal to or less than (or less than) the radius. The
clectronic device 100 may further include a memory cell
array or registers that store comparison results (the first logic
value or the second logic value) between the hamming
distances and the radius, respectively.

In FIGS. 9A and 9B, 1t 1s assumed that the radius 1s 3.
Referring to FIG. 9A, the encoding circuit 160 may select
codes of event units E,,, and E,, configuring the previous
event object E , (refer to shading). The summation circuit
180 may sum the codes of the selected event units E,,, and
E, . for each of the first to ten-th unit times T,,, to T,,;, to
generate the first to ten-th summation signals. Referring to
FIG. 9B, the encoding circuit 160 may select codes of event
units E,,,, E,., and E,, configuring the previous event
object E , (refer to shading). The summation circuit 180 may
sum the codes of the selected event umts E,,,, E, ., and E, .
for each of the first to ten-th unit times 1,, to T,,, to
generate the first to ten-th summation signals.

The filter circuit 191 of the encoding circuit 190 may
compare the first to ten-th summation signals with the
threshold value S, (S, =1), respectively, and output a com-
parison result. The register circuit 192 may store comparison
results of the filter circuit 191, respectively. The values 1n the
register circuit 192 of FIG. 9A may correspond to a result of
restoring the code of the same event unit E,,, of the new
event object E . The values 1n the register circuit 192 of FIG.
9B may correspond to a result of restoring the code of the
similar event unit E,,, of the new event object E .

FIG. 10 1s a diagram describing an operation of hierar-
chically encoding consecutive event objects by an electronic
device according to an embodiment of the mventive con-
cept. The electronic device 100 may consecutively receive
the spatial-temporal 1nput signals representing one or more
event objects. Consecutive event objects may be referred to
as a consecutive event. The consecutive event may be

divided 1nto one or more event objects E ,,, E .5, . . ., using

the elapsed time of event object T_E ,. Each of the event
objects E ,,, E ,,, . . . may be divided 1nto one or more event
units E, ., . . ., E .. Afirst step encoding process of FIG. 10
1s similar to the encoding process of the event object E
described above with reference to FIGS. 6A and 6B. An

encoding result of the event object E ,; of nxmxk may be
stored 1n a memory cell array of kxm 1n a second step.
Event units E',,,, E',,,, E',» stored 1n a plurality of kxm
memory cell arrays generated through the first step encoding,
process may configure event objects E',,, E' ., . . . 1 the
second step. A second step encoding process of FIG. 10 1s
similar to the encoding process of the event object E
described above with reference to FIGS. 6A and 6B. An
encoding result of the event object E',; of kxmx3 may be
stored 1n a 3xm memory cell array 1n a third step. The logic
values, the number of the event units, the number of the
event objects, the number of the consecutive events, and the
number of steps are not limited to those illustrated 1n FIG.
10.

The electronic device 100 according to an embodiment of
the mventive concept may perform an encoding operation
capable of applying both spatial information and temporal
information included in the spatial-temporal mput signals.
The electronic device 100 may have a strong resilience
against an error occurring at an iput terminal of the neural
network or noise induced from the neural network.

The contents described above are specific embodiments
for implementing the inventive concept. The inventive con-

cept may include not only the embodiments described above
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but also embodiments in which a design 1s simply or easily
capable of being changed. In addition, the inventive concept
may also include technologies easily changed to be imple-
mented using embodiments. Therefore, the scope of the
inventive concept 1s not limited to the described embodi-
ments but should be defined by the claims and their equiva-
lents.

What 1s claimed 1s:

1. An electronic device comprising;

first to n-th cells (‘n’ 1s an integer of 2 or more) configured
to recerve spatial-temporal input signals that indicate an
event unit 1n a time window:

a summation circuit configured to sum first to n-th cell
signals recorded 1n the first to n-th cells for each of first
to m-th unit times (‘m” 1s an 1nteger of 2 or more)
dividing the time window to generate first to m-th
summation signals;

a sensor configured to receive spike signals;

a conversion circuit configured to convert the spike sig-
nals into the spatial-temporal input signals;

an encoding circuit configured to compare each of the first
to m-th summation signals with a threshold value to
encode the spatial-temporal input signals into a code of
the event unit; and

a memory cell array configured to store the code and
output a final code to a neural network or other elec-
tronic device to model a neuron of the neural network.

2. The electronic device of claim 1, wherein the code of
the event unit 1s a one-dimensional array of 1xm.

3. The electronic device of claim 1, wherein addresses of
the first to n-th cells indicate spatial information of the
spatial-temporal input signals, and

wherein the first to m-th unit times indicate temporal
information of the spatial-temporal input signals.

4. The electronic device of claim 1, wherein the first to
n-th cells are fturther configured to receive spatial-temporal
input signals 1 second to k-th time windows (‘k’ 1s an
integer of 2 or more) after a first time window that 1s the time
window,

wherein the spatial-temporal input signals in the first time
window indicate the event unit that 1s a first event unit,

wherein the spatial-temporal input signals 1n the second to
k-th time windows 1ndicate second to k-th event unaits,
respectively, and

wherein the first to k-th event units indicate one event
object.

5. The electronic device of claim 4, wherein the summa-

tion circuit 1s further configured to:

sum the first to n-th cell signals recorded in the first to n-th
cells for each of the first to m-th unit times dividing the
second time window to generate first to m-th summa-
tion signals of the second event unit; and

sum the first to n-th cell signals recorded in the first to n-th
cells for each of the first to m-th unit times dividing the
k-th time window to generate first to m-th summation
signals of the k-th event unat.

6. The electronic device of claim 5, wherein the code 1s a

first code of the first event unit, and

wherein the encoding circuit 1s further configured to:

compare each of the first to m-th summation signals of the
second event unit with the threshold value to encode
the spatial-temporal mput signals of the second event
unit 1nto a second code of the second event unit; and

compare each of the first to m-th summation signals of the
k-th event unit with the threshold value to encode the
spatial-temporal input signals of the k-th event unit into
k-th code of the k-th event unit.
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7. The electronic device of claim 6, wherein the encoding,
circuit 1s further configured to store the first to k-th codes 1n
a memory cell array of kxm.

8. The electronic device of claim 7, wherein the encoding,
circuit 1s further configured to store the first to k-th codes 1n
the memory cell array of kxm,

wherein the first to n-th cells are further configured to

receive spatial-temporal input signals that indicate a
k+1-th event unit 1n a k+1-th time window after the k-th
time window, and

wherein the summation circuit 1s further configured to

sum the first to n-th cell signals recorded in the first to
n-th cells for each of the first to m-th unit times dividing
the k+1-th time window to generate first to m-th

summation signals of the k+1-th event unat.

9. The electronic device of claim 8, wherein the encoding
circuit 1s further configured to:

compare each of the first to m-th summation signals of the
k+1-th event unit with the threshold value to encode the
spatial-temporal input signals of the k+1-th event unit
into a k+1-th code of the k+1-th event unit;

select codes of the first to k-th codes, based on differences
between the k+1-th code and the first to k-th codes; and

sum the selected codes to restore the k+1-th code.

10. The electronic device of claim 6, wherein the sum-
mation circuit 1s a first summation circuit and the encoding
circuit 1s a first encoding circuit, and

the electronic device further comprises:

a second summation circuit configured to sum the first to
k-th codes for each of the first to m-th umt times
dividing each of the first to k-th time windows to
generate first to m-th summation signals of the event
object; and

a second encoding circuit configured to compare each of
the first to m-th summation signals of the event object
with the threshold value to encode the event object 1nto
a final code.

11. The electronic device of claim 10, wherein the final

code of the event object 1s a one-dimensional array of 1xm.

12. A method of operating an electronic device that
encodes an event object indicated by spatial-temporal 1nput
signals, the method comprising:
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dividing the event object into first to k-th event units
based on first to k-th time windows (‘k’ 1s an integer of
2 or more);

generating first to m-th summation signals of each of the
first to k-th event umts by summing first to n-th cell
signals recorded 1n first to n-th cells (‘n’ 1s an integer of
2 or more) that receive the spatial-temporal 1nput
signals for each of first to m-th unit times (*m’ 1s an
integer of 2 or more) dividing each of the first to k-th
time windows;

encoding the spatial-temporal mput signals into first to
k-th codes of the first to k-th event units by comparing
cach of the first to m-th summation signals with a

threshold value;:

storing the first to k-th codes 1n a memory cell array; and

outputting a final code to a neural network or other

clectronic device to model a neuron of the neural
network;

wherein the dividing of the event object 1nto the first to

k-th event unmits includes converting spike signals mnto
the spatial-temporal input signals.

13. The method of claim 12, wherein a size of the memory
cell array 1n which the first to k-th codes are stored 1s kxm.

14. The method of claim 12, wherein the event object 1s
stored 1n a memory cell array of nxmxk that 1s distinct from
the memory cell array.

15. The method of claim 12, wherein each of the first to
k-th event units of the event object 1s stored in an nxm
memory cell array that 1s distinct from the memory cell
array.

16. The method of claim 12, wherein the spatial-temporal
input signals are digital signals.

17. The method of claim 12, further comprising:

generating first to m-th summation signals of the event

object by summing the first to k-th codes for each of the
first to m-th unit times;

encoding the event object 1nto the final code by compar-

ing each of the first to m-th summation signals of the
event object with a threshold value; and

storing the final code in the memory cell array.

18. The method of claim 17, wherein the final code is a
one-dimensional array of 1xm.
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